Abstract A rapid, reliable and sensitive LC-MS/MS method for the determination of melatonin in milk was developed and validated. Sample was extracted with dichloromethane and cleaned by passing through Chem Elut solid phase extraction cartridge. The solvent was evaporated to dryness, reconstituted with methanol and analysed by LC-MS/MS on Agilent zorbax Eclipse XDB C-18 rapid resolution analytical column. The analytical procedure was found to be accurate, precise and linear. The method accuracy was 92.2 % (range 90.06-94.58) and the mean precision was 1.55 % and the calibration was linear for 1 to 150 pg mL −1 (R 2 >0.99), the lowest limit of quantification (LLOQ) was 1 pg mL −1
Introduction
Melatonin (5-methoxy-N-acetyltryptamine) is an important indole hormone produced in the pineal gland of brain. It controls many function in our daily life's especially sleepwake process, circadian rhythms. Melatonin is an excellent antioxidant, protective against many types of cancer (Anisimov et al. 2006) and also contributes in communication of time of day to the infants through breast feed milk (Illnerova et al. 1993) . Melatonin has been used successfully for the treatment of jet-lag effects and other sleep disorder (James et al. 1990; Jan and Espezel 1995) . It plays very significant role in the regulation of circadian rhythm, reproduction and retinal function (Waldhauser et al. 1984; Berga and Yen 1990; Zimmerman et al. 1990 ). Melatonin contributes to the development of brain, growth of infant and maturation of circadian system including sleep wake mechanism. But, the secretion of melatonin will start after 3 months of infants' birth (Kennaway et al. 1992) . Meanwhile the hormone is supplied through mother milk or cow milk. Melatonin is not only useful to the infants but, also useful for night hormone to the adults. Hence, there is a need to understand the level of melatonin in market milk supplies and mother milk consumed by the human beings.
There are many methods reported for quantification of melatonin with different kind of matrix like plasma, saliva, pineal gland and biological samples by GC-MS Chemical ionisation (Fourtillan et al. 1994) , LC-MS/MS (Eriksson et al. 2003; Cao et al. 2006) , GC-ECD (Greiner and Chan 1978) , HPLC-FLD (Rizzo et al. 2002; Vitale et al. 1996; Iinuma et al. 1999; Munoz et al. 2009; Lizuka et al. 2007; Itoh et al. 1997) , HPLC-Electrochemical detector (Chanut et al. 1998 ) and HPLC chemiluminesence (Lu et al. 2002) . Melatonin in human milk was reported by RIA and the method was validated by GC-MS (Illnerova et al. 1993) . ELISA kit was used to determine melatonin in cow milk (Kollmann et al. 2008 ) and a HPLC-FLD method was used to quantify milk melatonin (Egoshi et al. 2000) . The study of melatonin in milk by analytical methods is limited.
The present study is focused on the development of a new analytical method to quantify the amount of melatonin in milk through solid-phase extraction and quantification using LC-MS/MS tandem mass spectrometry. In this method we used 7-D melatonin as internal standard to ensure the extraction efficiency for sample preparation and for method accuracy.
Experimental

Chemicals and materials
Reference standard melatonin (99.9 %) was procured from Sigma Aldrich (St Louis, Missouri USA), dichloromethane and methanol (LC-MS grade) were procured from Lab scan. Deuterium labelled melatonin was purchased from Cerillient Corporation USA. Chem elut SPE cartridge from Agilent Technology USA. Ultrapure ammonium formate (LC-MS grade) procured from Biosolve chemicals Netherland. All the analysis was carried out using ultra pure milli Q water.
Preparation of stock and standard solutions
Standard stock solution of melatonin 1 μg mL −1 was prepared in methanol. From the standard stock solution 1 ng mL −1 of working standard solution was prepared and it was diluted to eight different concentrations from 1 to 150 pg mL −1 for calibration purpose. 400 pg mL −1 of 7-D melatonin working internal standard solution (WIS) was prepared from 1 μg mL −1 stock solution. While preparing calibration standard 100 μl of WIS was added and each standard contained 40 pg mL −1 of 7-D melatonin. All standard stock solutions were kept at −20°C and working standards solutions were prepared freshly before analysis.
Sample preparation and extraction
Market milk and human milk samples were collected and stored in the dark at −20°C. One hour before extraction milk samples were brought to room temperature. To one gram milk sample 100 μl of 400 pg mL −1 of 7-D melatonin internal standard was added and kept for 15 min, then it was transferred to chem elut solid phase extraction (SPE) cartridge and it was allowed to stand for 15 min. 15 ml of dichloromethane (DCM) (3×5 ml) was passed through SPE by gravity flow. Collected DCM was evaporated to dryness using nitrogen and reconstituted with methanol. The reconstituted solution was passed through 0.22 μm PVDF filter and the filtered solution was used for LC-MS/MS analysis.
LC-ESI-MS/MS analysis
Agilent 6460 ESI jet stream LC-MS/MS was employed for all experiments. An Agilent zorbax eclipse XDB C-18 rapid resolution (Lot No: B09176) column 50 mm×4.6 mm ID× 1.8Μ were used. The mobile phase A was constituted using 5 mM ammonium formate in 80 % water and 20 % methanol and mobile phase B was methanol. The gradient pump program (Table 1) was used with 0.3 mL/min flow and 10 μl of injection volume as analytical condition.
The MS/MS system consisted of a triple quadrupole mass spectrometer equipped with electro spray ionisation (ESI) source with jet stream technology, operated in positive ion mode. Mass Hunter workstation software version B.02.01 was used for instrument control and data acquisition. The optimum MS conditions are summarised in Tables 2 and 3 . The multi reaction monitoring (MRM) mode was used for quantification of melatonin and the detector response delta EMV was set at 400 V.
Specificity
The specificity was evaluated by analysing 20 blank milk samples. Melatonin free milk samples were extracted for specificity analysis. Melatonin free milk samples were prepared by adding activated charcoal to milk samples for 24 h and the melatonin was absorbed by the charcoal. The melatonin free milk samples (n =20) were extracted and analysed for specificity.
Linearity and Lower Limit of Quantification (LLOQ)
The eight point calibration curve was constructed by plotting peak area ratio (y) of melatonin to 7-D melatonin versus melatonin nominal concentration(x). Linearity was evaluated through the melatonin concentration range from 1 to 150 pg mL −1 . Weighted least-square linear regression analysis was used to determine the slope, intercept and correlation coefficient.
The lower limit of quantification (LLOQ) was defined as the lowest milk melatonin concentration that yield a signal-tonoise (S/N) ratio >10, with acceptable precision and accuracy (<20 %).
Precision and accuracy
The precision and accuracy were determined by replicate analysis (n =6) of milk samples at four concentration levels of melatonin (1, 10, 50 and 100 pg mL ). To evaluate intraassay and inter-assay precision and accuracy, three consecutive batches were analysed. Each batch contained a freshly prepared calibration curve and six replicates of four different concentrations of milk samples. Intra-day accuracy and precision were evaluated by analysis of samples at different times during the same day. Inter-day accuracy and precision were determined by repeated analysis of sample over three consecutive days. The accuracy was expressed as bias through calculating the percentages of difference between measured and nominal value (RME %), whereas the precision was expressed using relative standard deviation (RSD %). Precision and accuracy are acceptable if RSD and RME are ≤15 % (Causon 1997). (1) the retention time was 2.5 % of the external standard solution; (2) the signal-to-noise ratio (S/N) for each diagnostic ion should be≥3:1; (3) the relative abundance of two reaction product ions of the sample was within acceptable range relative to the average external standard.
Stability
Stability was determined in two ways: (1) in solvent (stock solution) and (2) in matrix (spiked at milk at 50 pg mL −1 ). + from melatonin and IS are shown in Fig. 2 . The product ion scan spectra shown high abundance fragment ion at m/z 174.1 and 178.1 for melatonin and IS, respectively. Therefore, multiple reaction monitoring (MRM) using transition at m/z 233.0 to 174.1 and 240.0 to 178.1 was used for quantification of melatonin and IS, respectively. The typical LC-MS/MS MRM chromatograms of blank milk and a milk sample spiked with melatonin at lower limit of quantification (LLOQ) (1 pg mL −1 ) are shown in Fig. 3 . There were no interference peak at the retention time of melatonin and IS, confirming the selectivity of the present method.
Results and discussion
Chromatography
Selection of mobile phase and column
Prior to optimization of the mobile phase and column, many mobile phase combinations for the analysis of melatonin were carried out. Among tested mobile phase combinations water: acetonitrile (95:5) mobile phase gave excellent sensitivity for standard melatonin but carryover problem was observed. While water acetonitrile with gradient method had no carryover, but the ion ratio between qualifier and quantifier of extracted milk sample did not match against standard melatonin. By using this method the qualifier ion shows more response compared to quantifier ion due to co eluting compound in the extracted milk sample. The sensitivity of the method was low when gradient method with ammonium formate and methanol using hypersil gold C-18 150 mm×4.6 mm ID×3.0 Μ column. When water: methanol (40:60) isocratic conditions, 50 mm×4.6 mm ID×1.8 Μ Agilent Zorbax eclipse XDB C-18 column shown good sensitivity for standard however in the quantifier channel many negative peaks were observed. Using XDB C-18 column gradient with 80 % of 5 mM ammonium formate and methanol gave good sensitivity for melatonin. The ion ratio of melatonin product ions in milk samples were within acceptable range to the standard melatonin.
Sample extraction
Since our method deals with, determination of a single analyte it requires a proper clean up and good chromatographic condition to avoid matrix interferences because the level of melatonin was very low in milk. Two types of clean up procedure can be followed one is solid phase extraction and the other is liquid-liquid extraction followed by dispersive solid phase extraction (DSPE) with suitable sorbent.
Liquid-liquid extraction
Melatonin spiked milk sample extracted with DCM and evaporated to dryness then reconstituted with methanol. Primary secondary amine (PSA) 25 mg was added to the reconstituted solution, shaken well, centrifuged and analysed by LC-MS/ MS. PSA was added to remove fatty acids, small proteins etc. Liquid -liquid extraction with DCM followed by dispersive solid phase extraction (DSPE) using PSA only 33 % of IS recovery was obtained. Because of this poor recovery this extraction method was not suitable for further use. Fig. 4 Rhythm of melatonin in human milk
Solid phase extraction Selection of SPE cartridges is important to get high recovery and less interference. Since milk contains water as major component water absorbing SPE cartridges can be used for extraction. Chem elute SPE cartridge which contains diatameous earth as sorbent and is able to absorb all the salts and polar components by distribution into a thin films over the solid support. While organic solvent passing through SPE our interest of analyte melatonin was extracted and the other polar and salts interferences remains in the SPE cartridges only. By using this method emulsion problem was rectified which was observed in liquid-liquid extraction.
In this method we used 7-D melatonin as internal standard to ensure the extraction efficiency for sample preparation and for method accuracy.
Performance of the method A validation procedure was conducted to determine the response linearity, extraction efficiency, lower limit of quantification (LLOQ), precision and accuracy. The MRM mode was used for quantitation. Its specificity for detecting melatonin and 7-D melatonin was illustrated by representative mass chromatograms shown in Fig. 3 , which shows no sign of interference from co eluting endogenous compounds in the milk matrix.
The recovery studies of melatonin in milk samples were carried out at four concentration levels (1, 10, 50 and 100 pg mL ) and the results are summarised in Table 4 . The ion ratios of spiked extracted sample have good agreement with the standard melatonin which shows there were no interfering summed ions present. A good linear relationship was found between the peak-area ratios of melatonin to 7-D melatonin versus the concentrations of melatonin ranging 1 to 150 pg mL −1 with eight levels. Linear regression analysis indicated that the correlation coefficient was greater than 0.99. The precision of the method expressed as RSD was below 6 percentages. Heller et al. (2005) reported that gentamicin in milk samples were quantified from 4.5 ng mL −1 by LC-MS/MS method. Durden (2007) reported that doramectin residues in milk samples can be detected upto 60 pg mL .
Confirmation
The results of confirmative parameter in LC-MS/MS analysis like retention time, ion ratio and S/N ratio for standard and fortified samples are tabulated in Table 5 . Li et al. (2011) has used the above confirmatory parameter in the determination of benzimidazoles by LC-MS/MS method.
Internal standard
A known amount of melatonin was added to milk and extraction procedure was carried out without addition of internal standard by liquid -liquid extraction followed by DSPE and by this method the recovery was very poor, but when the extraction was carried out in the dark and the recovery rate was slightly improved. Melatonin is a light sensitive compound and the entire standards and samples were prepared in the amber colored glass wares. Milk contains mixture of endogenous components including protein, lipids, minerals, salts and other small and large molecules. These are often present in high amount compared to our interest of analyte (melatonin) and greatly complicate the process of extraction and analysis. To ensure the extraction efficiency in complex milk matrix, we used 7-D melatonin as internal standard from the beginning of sample preparation. Melatonin and 7-D melatonin have similar chemical and physical property which has the advantage that both molecules behave equally during sample extraction, cleanup and in LC-MS/MS analysis.
A known amount of melatonin and 7-D melatonin was added to the milk and extraction was carried out. Recovery was calculated using the ratio of melatonin and 7-D melatonin of the sample to the standard. By this method the recovery was above 90 percentages. Therefore 7-D melatonin is ideally suitable for the analysis of melatonin in milk by LC-MS/MS.
Stability
The stability of melatonin in standard solution and in milk samples were evaluated with different storage conditions and different time periods. The conditions and results are tabulated in Table 6 . Application to sample (cow and human milk)
The method was applied to the routine analysis of commercially available market milk sample as well as Indian human milk samples. Human milk samples were collected in different time and analysed. The melatonin level was varied based on date of collection from the delivery day, time of collection and mother health. The secretion of melatonin was high in midnight while compare to other time. The rhythm of melatonin secretion shown in Fig. 4 and the results of few samples are summarized in Table 7 .
Conclusion
Earlier reported methods for melatonin in milk was carried out using RIA, ELISA, HPLC-Fluorescent and GC-MS. Sensitivity of the RIA method was very high but the selectivity of the method is questionable, because of cross reactivity of various indolic compounds presents in milk and leads to false positive results. HPLC with fluorescence detector gave a good sensitivity which require derivatization step which is more critical and time consuming. GC-MS method makes identity confirmation possible thus increasing the validity of the results but this method also requires derivatization to enhance the sensitivity. Our LC-MS/MS method is more specific and selective since the detection is based on mass. It gives lower detection limit compare to other analytical techniques without any derivatization step. LC-MS/MS with ESI (+) mode was successfully applied for the determination and quantification of melatonin in cow milk and human milk by following SPE. The analytical results of (extraction and clean up) the method demonstrate that the assay produced is more reliable determination for melatonin in milk samples.
